A fluid shear stress of 180 dyn/cm2 was applied for 0.5 and 5 min to platelets in citrated plasma or blood in a cone and plate viscometer with minimal platelet-surface interactions. Platelets aggregated in the shear field if large von Willebrand Factor (vWF) multimers were present. Aggregation did not require ristocetin, other exogenous agents, or desialation of vWF. Unusually large vWF multimers produced by human endothelial cells were functionally more effective than the largest plasma vWF forms in supporting shear-induced aggregation. Shear-induced aggregation was inhibited by monoclonal antibodies to platelet glycoprotein Ib or the Jib/lila complex, but was little affected by the absence of fibrinogen.
Introduction
Fluid shear stress may reach levels of 200-400 dyn/cm2 in small arteries and arterioles that are partially occluded, as by atherosclerosis or vascular spasm (1) (2) (3) . Under these conditions, vessels of the microcirculation are subject to thrombotic occlusion by aggregated blood platelets (3, 4) . Elevated levels of shear stress may have an important influence on pathological platelet clumping, especially since it is known that in vitro application of shear stress to platelets in normal plasma or whole blood can induce aggregation (5) (6) (7) (8) (9) (10) (11) (12) . The subject of this report is a more precise understanding ofthe mechanism responsible for the initiation of platelet aggregation in shear fields.
It has been proposed that ADP released from platelets is a mediator of shear-induced platelet aggregation in platelet-rich plasma (PRP)' (10) . Our previous studies (8) demonstrated that platelets, in citrated PRP exposed to controlled levels of shear stress up to 800 dyn/cm2 for 30 s at ambient temperature, release only 5-7% of the ['4C]serotonin used as a marker for the release 1. Abbreviations used in this paper: PPP, platelet-poor plasma; PRP, platelet-rich plasma; vWD, von Willebrand's disease; vWF, von Willebrand factor. of dense granule contents (ADP, ATP, Cal' and other dense granule constituents). When PRP is sheared for 5 min at room temperature and 180 dyn/cm2, the extent of ['4C]serotonin release reaches 25-30% (with little detectable platelet lysis, based on lactic acid dehydrogenase measurements) (Peterson, D. M., N. A. Stathopoulos, T. D. Giorgio, J. D. Hellums, and J. L. Moake, manuscript submitted for publication). In citrated whole blood, shear stress levels of -100 dyn/cm2 produce platelet aggregates that may be stabilized by the relatively small quantities of ADP released from erythrocytes (1 1, 13) or platelets (10) .
Observations by other investigators (14) have implicated von Willebrand factor (vWF) in platelet thrombus formation, as well as in platelet-subendothelial interactions, in a flowing system. In a recent preliminary report, Joist et al. (15) presented evidence for defective shear-induced platelet aggregation in severe von Willebrand's disease (vWD) PRP. They interpreted their data as indicating diminished platelet-surface interactions in their couette rotational viscometer.
We have investigated the phenomenon of shear-induced platelet aggregation in citrated PRP and whole blood using a rotational viscometer with cone-and plate geometry. This instrument has important experimental advantages. It can apply uniform shear fields to test samples by generating specified shear rates within 1 s under conditions in which blood cell interactions with the viscometer surface have little influence on the experimental results (7, 8, 12) . Using this system to study the effects of viscoelastic forces on platelet aggregation, we have obtained evidence that vWF is involved in shear-induced platelet clumping. We find that the initiation of shear-induced platelet aggregation is dependent on large vWF multimeric forms. The addition of ristocetin, any other exogenous agonist, or chemical desialation of vWF multimers is not required.
The vWF multimers synthesized by megakaryocytes and packaged within platelet a-granules, as well as the vWF multimers synthesized and packaged within endothelial cells, are comprised of all the vWF multimeric forms found in normal plasma. In addition, platelets and endothelial cells contain vWF forms even larger than those found in normal plasma ("unusually large" vWF multimers) (16). In our system, unusually large vWF multimeric forms derived from endothelial cells are exceptionally effective in supporting shear-induced platelet aggregation. Apparently, the role of platelet vWF multimers in this phenomenon is minimal. Our results indicate that unusually large vWF forms derived from endothelial cells are more efficient in interacting with platelets than the largest vWF forms present in normal plasma. This may have implications in both normal hemostasis and thrombosis.
Methods
Blood from normal healthy individuals not taking aspirin or any other medication was drawn into siliconized tubes containing 0.38% sodium citrate (final concentration) as anticoagulant. PRP was prepared by centrifugation of citrated whole blood at 150 g for 15 min. In separating platelets from citrated whole blood, PGI2 was added in a final concentration at 10'8 M to impede platelet aggregation and release during centrifugation and washing. Platelet pellets were either resuspended directly, or washed twice with Hepes buffer (1.0 mM Hepes, pH 74, 0.1 mM Ca 2, 1 mg/ml glucose, 3.5 mg/ml bovine serum albumin [BSA]) and then resuspended into an equal volume of autologous normal plateletpoor plasma (PPP), severe vWD PPP (containing <1% vWF antigen and undetectable vWF multimers), or afibrinogenemic plasma (fibrinogen <10 mg/dl; purchased from George King Biomedical, Inc., Overland Park, KA). Before the shear experiments, the various platelet/plasma suspensions were incubated for -4 h at room temperature until the PGI2 inhibitory effect had dissipated and the platelets aggregated normally in response to ADP and collagen.
In experiments with whole blood the platelet/plasma suspensions were mixed with normal red blood cell/white blood cell suspensions that had been removed from PRP after the first centrifugation of whole blood.
Platelet and whole blood suspensions were subjected to controlled shear stress levels in a stainless steel cone and plate viscometer ( Fig. 1 ; model 781; Ferranti Electric, Inc., Commack, NY) at 240C (12) . 0.6-ml samples were pipetted onto the platen surface of the viscometer and sheared at 180 dyn/cmn for 30 s or 5 mmn. After shearing, 10 Ml of the platelet samples and 3.3 Ml of the whole blood samples were dispensed in 20 ml of Isoton II (Coulter Electronics, Inc., Hialeah, FL) diluent containing 0.5% glutaraldehyde. Particle count and size distribution were determined with an electronic particle counter (model ZBI with Channelyzer; Coulter Electronics, Inc.) using a sample volume of 100 MlI for platelet/plasma and 500 Ml for whole blood, and a 50-Mm-diameter aperture. Particles with sizes ±20% of the mean platelet distribution in the unsheared samples were considered as single platelets. The disappearance of single platelets could be accounted for by the formation of platelet aggregates. Thus, the percent decrease in single platelets is directly related to the percent increase in platelet aggregates.
Purified murine monoclonal antibody 6D I is directed against GPIb (17) , whereas the 0 OE5 antibody is directed against GPIIb and/or GPIIIa ( 18) . These were generously provided by Dr. Barry S. Coller of the State University of New York at Stony Brook. Some whole blood samples were incubated for 5 min before shearing with either 6 ug/ml of the6D1 monoclonal antibody or 10 Mg/ml of the 0OE5 antibody. vWF antigen levels in patient and normal plasma were quantified by solid-phase immunoradiometric assay (16) . vWF multimers were separated by sodium dodecyl sulfate (SDS)-agarose gel electrophoresis, overlaid with rabbit 1251-antihuman vWF IgG, and analyzed by autoradiography using 1% agarose and a continuous buffer system (14) . 1% agarose gel slabs, 1 Tris, pH 6.8) was added to a final concentration of 2.0 M glycine (20) . After stirring for another hour, the solution was centrifuged at 5 373C. The solution was centrifuged at 1,000 g for 5 min to remove the lipid fraction before column purification. It was then applied to a Sepharose 4B column (2.5 X 50cm with a bed volume of 3,000 ml; Pharmacia, Inc., Piscataway, NJ) and eluted with NaCl-citrate buffer at room temperature. The flow rate was 1 ml/min, and fractions of 1 ml were collected. Results
The initiation of shear-induced platelet aggregation in PRP in our system was dependent on the presence of normal plasma vWF multimeric forms (Fig. 2 ). PlateletvWF multimers, including unusually large forms that may be released from platelet a-granules during shear, were relatively unimportant in the aggregation process. Severe vWD platelets with undetectable vWF antigen and multimeric forms aggregated normally in the shear field when they were suspended in normal PPP. In contrast, normal platelets in severe vWD plasma (< 1% vWF antigen and undetectable vWF multimers) aggregated only relatively modestly, even after 5 min of exposure time. The same results were obtained with vWD plasma containing 13% vWF antigen but none of the largest plasma vWF forms.
The modest shear-induced increase in the numbers of single platelets in severe vWD PPP (Fig. 2 ) was due to dispersion of some microaggregates that were present in the platelet/plasma suspensions before application of the shear field. As mentioned above, relatively large vWF multimeric forms were necessary to initiate shear-induced platelet aggregation. This is demonstrated in Fig. 3 . When purified preparations enriched in the largest plasma vWF multimeric forms were added to severe vWD plasma, shear-induced aggregation of normal platelets suspended in this plasma was induced much more effectively than when the platelets were suspended in severe vWD plasma, enriched in relatively smaller vWF forms. In contrast to the near absence of shear-induced platelet aggregation in severe vWD plasma, normal platelets in afibrinogenemic plasma aggregated almost normally in the shear field ( Fig. 4) .
The shear-induced aggregation of platelets in citrated whole blood was decreased by 45-60% in either the absence of vWF or the presence ofa monoclonal antibody to the primary platelet )f vWF on shear stress-vWF receptor, GPIb (Fig. 5 ). In the presence of a monoclonal is 180 dyn/cm'. Initial antibody to platelet GPIIb and/or GPIIIa that inhibits the binding Lg were 366,000-406,000/ 
Discussion
The initiation ofshear-induced aggregation ofplatelets in citrated plasma and whole blood at ambient temperature is dependent on the presence ofthe largest plasma vWF multimers. In platelet/ plasma suspensions, this dependence on large vWF forms is nearly absolute. The fluid shear stresses in our experiments were applied to platelet/plasma suspensions or to whole blood samples that were Figure 3 . Effect of different vWF multimeric forms on shear stress-induced platelet aggregation in severe vWD PRP. Shear stress was 180 dyn/cm2. Platelets in the severe vWD PRP samples were 304,000-396,000/ Al, and vWF antigen in plasma and platelets was <1% of normal. (A) Purified vWF preparations predominantly composed of large (o, fraction [Fx] 36) or small (n, fraction [Fx] 60) vWF multimeric forms were added to the severe vWD PRP samples before shearing in the antigen concentrations indicated. The fraction numbers refer to V0 (36) or VI (60) fractions from a Sepharose 4B column in the last step of the vWF purification process described in Methods. In other experiments, vWF multimers that include the unusually large forms synthesized and secreted by endothelial cells in a defined, serum-free medium were added to the suspension of normal platelets in severe vWD plasma before shearing (v) to produce the vWF antigen levels indicated on the abscissa. (B) The gel shows the vWF multimeric patterns in PPP samples prepared from severe vWD PRP to which fraction 36 or fraction 60 had been added before shearing. vWF multimers in normal pooled PPP (NP), the cryosupernatant (CS) fraction of normal plasma (i.e., plasma after the removal of cryoprecipitate), and the supernatant of normal human endothelial cells cultured in serum-free, defined medium (EC) are shown for comparison. Figure 4 . Effects of fibrinogen on shear stress-induced platelet aggregation. Normal platelets (255,000-515,000/Ml) were suspended in o, normal plasma, or n, plasma from a patient with congenital afibrinogenemia. Shear stress was 180 dyn/cm2. vWF antigen levels in the afibrinogenemic plasma samples before the addition of platelets were 57-81% and multimer patterns were indistinguishable from normal PPP. placed between the rotating cone and stationary plate of a rotational viscometer. These shear stresses promoted plateletplatelet collisions in PRP and cell-cell collisions in whole blood, with resulting platelet aggregation. At the same level of shear stress, more platelet-platelet collisions are expected per unit of time in PRP than in whole blood, and this contributes to the more extensive platelet aggregation at 180 dyn/cm2 in PRP than in whole blood. It has been demonstrated previously that platelet Figure 5 . Effect of vWF on shear stress-induced platelet aggregation in whole blood. The samples were: blood from three normal individuals (A); normal blood preincubated with anti-GPIb (B) or anti-GPIIb/IIIa (C) monoclonal antibody, or with both monoclonal antibodies (D); blood from a patient with severe vWD (<1% vWF antigen in plasma and platelets, E); or severe vWD blood preincubated with anti-GPIIb/ Illa monoclonal antibody. In these blood samples, hematocrit values were 34-40%, platelets were 300,000-500,000/,gl, and white and differential counts were normal. Shear stress was 180 dyn/cm2 for 30 s. aggregation in this instrument is independent of any minimal platelet-surface interactions that may occur (7, 8, 12) .
In the present studies, we detected no adsorption of vWF onto the surface of the viscometer or alteration in vWF multimeric structure by the shear stresses imparted to plasma, platelet/ plasma suspensions, or whole blood samples. Consequently, it is unlikely that the shear stress-induced platelet aggregation observed was a result of the adsorption of large vWF multimers to the viscometer surface, subsequent platelet adherence, release of ADP and other granular contents, and aggregation. The shear-induced aggregation of platelets in plasma described in this report is unique in that it is initiated by physical forces in the presence oflarge vWF multimeric forms, including the largest vWF forms present in normal plasma. Unlike the other types of vWF-mediated aggregation extensively studied mostly with nephelometry and stirred platelet suspensions in plasma or plasma components (21) , shear-induced aggregation of platelets initiated by vWF does not require the addition of exogenous ristocetin or other polycations or chemical desialation of vWF molecules (22, 23) . Since the shear forces cause no detectable change in vWF multimeric structure, we infer that shearinduced platelet aggregation initiated by vWF is a result of increased exposure or an alteration in structure of platelet receptors for large vWF multimeric forms by the applied fluid shear forces. This conclusion is supported by our observations that monoclonal antibodies' blockade of the known platelet surface receptors for vWF, i.e., GPIb (24, 25) and the GPIIb/IIIa complex (22, 23, 26) , interfere with the shear-induced aggregation of platelets in whole blood.
Suppression by aspirin of ADP release from platelets in normal PRP has little effect on shear-induced aggregation (27) . This observation makes it unlikely that ADP released from sheared platelets in PRP is involved in altering the exposure of platelet surface receptors and inducing the attachment of large plasma vWF forms. Furthermore, other studies on Bernard-Soulier and thrombasthenic PRP (28) indicate that ADP release in the shear field is not sufficient to result in platelet aggregation in the absence of either platelet GPIb or the GPIIb/IIIa complex. This latter work provides additional evidence for the primary importance of the attachment of large vWF multimeric forms to platelet glycoprotein receptors in shear-induced aggregation.
Our results presented here also indicate that the near absence of fibrinogen in afibrinogenemic plasma has little effect on shearinduced platelet aggregation when plasma vWF concentrations are within the normal range. These findings are compatible with another recent report ofthe interaction between vWF and GPIIb/ lIIa in patients with afibrinogenemia (26) .
Our data on shear-induced platelet aggregation suggest the following sequence of events: perturbation by shear forces of the structure or exposure of platelet surface vWF receptors; attachment of large vWF multimeric forms to GPIb and possibly to the GPIIb/IIIa complex; and platelet aggregation. Our experiments with whole blood suggest that some other protein, perhaps fibrinogen or fibronectin, might also be induced to bind to the platelet GPIIb/IIIa complex and potentiate aggregation under the influence of the shear field or ADP released from erythrocytes or platelets (1 1, 13 ).
Another observation of potential importance that is derived from these studies relates to the unusually large vWF multimeric forms synthesized and secreted by human endothelial cells (16) . We found that human umbilical vein endothelial cell culture medium, which contains unusually large vWF multimeric forms, is 5-15 times more effective per vWF antigen unit in supporting the initiation of platelet aggregation by shear forces than the largest vWF multimers purified from the cryoprecipitate fraction ofnormal plasma. Other work indicates that human endothelial cells have the capacity to synthesize unusually large vWF multimers in vivo (16) and package them in Weibel-Palade bodies (29, 30) . As they are secreted from endothelial cells, the unusually large forms derived from endothelial cells are normally processed by a component in the cryosupernatant fraction of normal plasma to the somewhat smaller vWF forms present in normal circulation (16, 31, 32) . When this processing does not occur on the abluminal side of the endothelial cell, unusually large vWF multimers become part of the subendothelium (33) . The experiments reported in this paper suggest that unusually large vWF multimeric forms interact with platelets more effectively than the largest plasma vWF forms. This suggestion is a possible explanation for the more effective binding of platelets to subendothelial vWF multimers, compared with relatively smaller plasma vWF forms, during normal hemostasis. High levels of fluid shear stress in the arterial microcirculation, such as those from spasm or stenosis of arterioles, may modify platelet surfaces and alter or increase the exposure of platelet membrane receptors for vWF. Large plasma vWF forms may then bind to platelets and initiate platelet aggregation.
Our studies also suggest the possibility that in the presence ofhigh shear stress levels the transient release ofsmall quantities of unprocessed unusually large vWF multimeric forms into the regional circulation may lead to platelet aggregation. Unusually large vWF multimers may be predominantly contained within endothelial cell Weibel-Palade bodies (29, 30) . Therefore, it is possible to propose at least three conditions in which unusually large vWF multimeric forms derived from endothelial cells might appear in the regional blood. One of these conditions is intense local stimulation of endothelial cell secretion of the contents of Weibel-Palade bodies, which overwhelms the process on endothelial cell surfaces (31, 32) that normally converts unusually large vWF multimers to the somewhat smaller circulating forms. A second hypothetical condition is local damage to endothelial cells of sufficient severity to result in the disruption of Weibel-Palade bodies, as well as endothelial membranes and the associated converting process for unusually large vWF multimers. A third putative condition is damage to local endothelial cells that is more modest in extent, resulting in interference with local processing of unusually large vWF multimers as they are secreted by otherwise intact endothelial cells. A problem analogous to this latter defect apparently occurs in systemic form in some patients with chronic relapsing thrombotic thrombocytopenic purpura, the paradigm arterial thrombotic disorder (16, 31) .
